Natural products have not been utilized as extensively for weed management as they have been for insect and plant pathogen management, but there are several notable successes such as glufosinate and the natural product-derived triketone herbicides. The two fundamental approaches to the use of natural products for weed management are: 1) as a herbicide or a lead for a synthetic herbicide and 2) use in allelopathic crops or cover crops. New technologies, such as molecular biology, provide tools for expanding the use of natural products in weed management. Strategies for implementation of these approaches are discussed, along with examples.
have been implicated in reduced yields of certain crops planted after certain other crops. These processes have been described in several studies, 5) although few of these studies conclusively determine the allelochemical contribution to crop losses. Fewer studies have focused on the potential for allelopathic crops to control weeds. Allelopathic cover crops and crops are an attractive strategy for the use of natural products to manage weeds. Theoretically, crops producing phytotoxic allelochemicals can interfere with competing weeds sufficiently to allow significant reductions in the use of other weed management options, including synthetic herbicides. The often relatively poor efficacy and resulting reduced yields, compared to herbicides, has limited this approach, except in specific situations. In rice, 6) wheat, 7) barley, 8) and a few other crops, geneticists and breeders have tried to produce allelopathic crops with which less herbicide might be used. This approach has not yet yielded a commercial variety with such a trait. Transgenic approaches to produce highly allelopathic crops might be more successful. We will discuss allelopathy and allelochemicals in several major cereal crops which are known to have allelopathic potential.
1 Allelochemicals in grain crops
The incidence of growth inhibition of certain weeds and production of phytotoxic symptoms by plants and their residues is well documented for many crops, including all major grain crops such as rice, rye, barley, sorghum, and wheat. To have a major impact on herbicide use, substitution of allelopathy for synthetic herbicides in these crops is the most promising approach.
All plants produce secondary metabolites that are phytotoxic to some degree, and in a small number of cases their release into the environment and capability of causing allelopathic effects towards a number of noxious weeds has been demonstrated. Crop allelopathy can be exploited for weed management by the release of allelochemicals from intact roots of living plants or decomposition of plant residues. In annual crops, root exudation of the phytotoxin by the crop is the preferred mechanism. Barley allelochemicals. The success of barley (Hordeum vulgare L. ) as a smother crop is attributed to physical competition as well as the direct release of allelochemicals. Phytotoxicity of barley residues has also been reported. 9-12) Two main categories of phytotoxic metabolites are claimed as the allelopathic agents in barley: phenolic acids and alkaloids.
Phenolic acids have been identified in residues13) and root exudates14) of barley. Chemical analysis of inhibiting compounds in barley residues detected ferulic, pcoumaric, vanillic, and p-hydroxybenzoic acids in aqueous extracts of straw and alcoholic extracts of roots. 13) The exudation of these compounds by intact roots along with benzoic, caffeic, o-coumaric, trans-cinnamic and gentisic acids has also been demonstrated. The competitiveness of H. vulgare cultivars was shown to be linked to a high exudation of total phenolics, whereby in particular p-coumaric acid was only detectable in root exudates of highly competitive cultivars and could therefore act as distinctive indicator for competitiveness of H. vulgare cultivars. 14) Although the phytotoxicity of phenolic acids is well known, their role and significance in the allelopathy of barley at the levels released is not clearly understood.
Two alkaloids, gramine and hordenine, (Fig. 1 ) have been identified in residues15-18) and root exudates11,19) of barley. Furthermore, gramine is found on the leaf surface and in leaf leachates of barley. 17) Gramine and hordenine have been isolated from shoot and root tissue of different Hordeum spp., whereby significant differences in the alkaloid contents between species, genotypes and cultivars appeared. The production of gramine was revealed to be under strong genetic control with usually higher contents in ancestral barley or H. vulgare landraces than in modern cultivars. Gramine content in ancestral barley reached up to 1. 5 mg/g fresh weight16"8 and > 10 mg/g dry weight15) in shoot tissue and up to 0. 9 mg/g fresh weight in root tissue, 16) however some barley lines and H. vulgare cultivars produced virtually no gramine at all. Small fractions of up to 0. 04-0. 18% of the total gramine found in leaves were also present on the leaf surface and could be totally removed along with some inner gramine by artificial rain. 17> The implication of surface gramine in the allelopathy of barley has not yet been investigated.
The production of hordenine appeared to be highly responsive to stressful conditions. Hordenine contents in root tissues of Hordeum spp. varied between 133-327 , ug/g fresh weight, increasing up to 2. 6 mg/g fresh weight under low light intensity. 18) Although the phytotoxicity of barley residues has been reported, and gramine and hordenine inhibited growth of various weeds, a correlation between the alkaloid content of residues or the actual release of alkaloids from residues and the inhibitory effect has not yet been investigated. In contrast, the inhibitory action of barley exudates against weeds has been demonstrated in several bioassays, 11, [19] [20] [21] and the presence of gramine and hordenine in exudates of germinating seedlings and from intact roots was confirmed. Bioassays with synthetic analogues of gramine and hordenine at the levels quantified in exudates of germinating seedlings proved a phytotoxic effect. 11, 19, 20) Therefore, gramine and hordenine are believed to play a major role in the allelopathy of barley. Hydroxamic acids, a group of major allelochemicals involved in the allelopathy of other Gramineae, could be detected as 2, 4-dihydroxy-l, 4-benzoxazin-3-one (DIBOA) (Fig. 1 ) in shoot tissue of wild Hordeum species, but not in cultivated barley. 22) Rye allelochemicals. Rye is believed to be the most suppressive cover crop among several small grains. 23) Numerous studies using rye as green manure or in cover crop mulch systems demonstrated a weed suppressive ability often as efficient as standard herbicide applications. 10'24) The contribution of allelopathy to the suppression of weeds in rye mulch situations is estimated to account for up to 63% reduction in weed biomass. 25) Although investigations on the allelopathic activity of rye focus on residues, bioassays and field studies further determined root exudates as potential means by which competitive rye cultivars reduce weed growth. 26-2s) The two main categories of phytotoxic metabolites claimed as the allelopathic agents are phenolic acids and cycl hydroxamic acids.
The exudation of DIBOA and 2, 4-dihydroxy-7-methoxy-l, 4-benzoxazin-3-one (DIMBOA) (Fig. l) and the allelopathic potential of rye root exudates containing hydroxamic acids had been demonstrated. 26,28) Weed suppression by allelopathy of living rye proved to be significant under field conditions, with substantial evidence for the allelopathy being due to hydroxamic acids. A rye cultivar exuding large amounts of DIBOA reduced the total weed biomass by 83% compared to a wheat cultivar unable to exude hydroxamic acids and by 76% compared to A vena strigosa, a highly competitive crop, unable to produce hydroxamic acids. 27) Since the exudation of DIBOA by rye did not correlate with the content in roots, an active exudation depending on a specific regulation factor independent of type or content of hydroxamic acids in root tissues is assumed.
Although DIBOA and 2-benzoxazolinone (BOA) (Fig. l) had been identified as the most active compounds in rye extracts, they accounted for only 12% of the total phytotoxicity. 29) Therefore, other phytotoxic compounds or additional transformation products may also play a role in the allelopathy of rye. BOA, for example, is rapidly degraded by microbial hydrolysis in non-sterile soils, 30) as well as by root-colonizing bacteria, 31) to the phytotoxic 2-amino-3H-phenoxazin-3-one, which is further acetylated by root bacteria to 2-acetylamino-3H-phenoxazin-3-one.
2-Amino-3 H-phenoxazin-3-one and its acetyl derivative are actinomyctn analogues and, thus naturally occurring antibiotics, produced by a number of fungi and bacteria. Even though 2-amino-3H-phenoxazin-3-one proved to be much more phytotoxic than its precursor BOA, its potential for increasing the allelopathic effect of rye is questionable, since the inhibitory effect of BOA in bioassays was significantly reduced by microbial transformation. 31) This would explain the findings of decreasing phytotoxicity of rye mulch in non-sterile soil. 32)
Rice allelochemicals. Allelopathic rice cultivars have been identified from field studies conducted over the past decade in approximately 3. 5% of the accessions tested. [33] [34] [35] Allelopathy was demonstrated against the common rice weeds barnyardgrass (Echinochloa crusgalli), ducksalad (Heteranthera limosa), and redstem (Ammannia auriculata). As a consequence, studies were conducted using laboratory assays that have been developed in order to study rice allelopathy in more controlled conditions. Examples of these assays include the plant box method, 36) relay seeding, 37) root exudate trapping system, 38) and petri dish assay. 39) In some cases, bioasssays have been utilized in the isolation of allelochemicals in rice.
Compounds that have been isolated from selected allelopathic rice varieties and identified as the putative allelochemicals are rather ubiquitous in plants, most of which are common phenolics, aromatic acids, long-chain hydrocarbons, fatty acids, and sterols. 38,39) More recently, the inhibitory activity of extracts from straw of four rice cultivars on barnyardgrass seed germination was reported40) and, again, activity was attributed to phydroxybenzoic acid (in cultivars Gin shun and Juma 10), p-coumaric acid (in cultivar Kasawala mundara), and ferulic acid (in cultivar Philippine 2). In another study, the activity of phenyl ammonia lyase was positively correlated with phenolic content of the aqueous extracts of the leaves of six allelopathic rice varieties. 41) Contrary to these findings, p-coumaric acid was demonstrated not to be the phytotoxic constituent from the allelopathic rice variety Taichung Native 1 root extract when tested against barnyardgrass. 42) Phytotoxic activity was found in other fractions that do not contain p-coumaric acid following bioassay-guided isolation. p-Coumaric acid was also found to be only weakly inhibitory against lettuce germination compared to the tricyclic diterpenes that were also isolated from rice husk of cultivar Koshihikari. 43> Olofsdotter et al. 44 ) also showed that phenolic acids are possibly not the allelochemicals in rice, based on measurement of tolerance to phenolic acids among traditional rice cultivars adapted to environments having inherently different phenolic acid concentrations.
This study further showed that the maximum rate of release of phenolic acids during the first month of growth, the time period of greatest allelopathic activity, was approximately l0pg/ plant/day. This rate would not provide concentrations of phenolic acids that would be at phytotoxic levels. Using LC/MS and 1H and 13C-NMR spectroscopy, glucosides of resorcinol, flavones and hydroxamic acids were found as the allelochemicals in rice, negating an earlier study where common phenolic and fatty acids were identified as the rice allelochemicals. 45) The tricyclic diterpenes momilactones, oryzalexins, and ineketone ( Fig. 1) are perhaps the secondary metabolites that are unique to rice. These compounds are growth inhibitors and are also phytoalexins. Momilactones A and B, and ineketone were isolated from the seed husk of Oryza sativa L. cv. Koshihikari, and were shown to be inhibitory towards lettuce root germination and growth of rice root. 43,46) Momilactone C was later isolated from this cultivar as a minor component, and showed weak inhibitory activity towards lettuce seed germination. 47) Momilactones A and B, and oryzalexins A and C were characterized as the allelochemicals from extracts of the straw of 0. sativa cv. Haresugata. 48) Momilactone B exhibited the strongest inhibitory activity against the weed species tested, namely, Amaranthus lividus, Digitaria sanguinalis, and Poa annua. Whether or not the momilactones and oryzalexins are the true allelochemicals in rice requires further investigation. These compounds have been isolated from cultivars that are not known to be allelopathic. Furthermore, there are no reports on these compounds being isolated from the roots, nor on their release in the soil.
The isolation and identification of rice allelochemicals is yet to be fulfilled. Two lettuce growth-inhibiting substances were isolated from the neutral fraction of seedlings of 0. sativa cv. Nipponbare, but have not been characterized. Large-scale re-isolation of the active compounds is reportedly underway. 49> In our laboratory, work is also continuing on the isolation of allelochemicals from Taichung Native 1, this being done in a bioassay-directed manner using 24-well plates.
Sorghum allelochemicals. Several Sorghum species are allelopathic, producing several phytotoxins, including sorgoleone (2-hydroxy-5-methoxy-3-[(Z, Z)-8', 11', l4'-pentadecatriene] -p-benzoquinone) (Fig. 1) and its phytotoxic analogues, as well as dhurrin, phydroxybenzoic acid and p-hydroxybenzaldehyde. 50'51) Sorgoleone and its analogues account for most of the phytotoxicity, since they represent as much as 80-90% of the content of droplets exuded from root hairs52) and are the most phytotoxic compounds produced.
Of particular interest is that sorgoleone and its analogues are potent photosystem II inhibitors, 5s, 54> as well as sorgoleone being an excellent inhibitor of hydroxyphenylpyruvate dioxygenase (HPPD). 55) The relative importance of these two modes of action in the field has not been determined. Dual molecular target sites are desirable to prevent the evolution of resistance.
Genetic manipulation of allelochemicals in crops
Despite the fact that these major crops produce allelochemicals, traditional breeding has not produced a cultivar of any of them which is sold as an allelopathic variety. While significant effort has been invested in the genetic manipulation of biosynthetic pathways producing phytoalexins and other secondary plant metabolites via transgenic approaches, similar efforts targeting allelochemicals are, to our knowledge, absent from the literature. However, strategies for transgene approaches to allelochemical manipulation have been proposed. 5658) Part of the reason for the lack of progress in genetic manipulation of allelochemicals via biotechnology is the lack of identified gene sequences encoding the biosynthetic enzymes for these pathways. An exception is the hydroxamic acid pathway in maize leading to the formation of DIBOA, where all five genes required for biosynthesis have been identified. 59) In this example, a forward genetics approach was employed using the maize bxl (benzoxazineless) mutant, 60) however this strategy is more suitable for a relatively well characterised genetic system and is impractical for the majority of allelochemical-producing species.
Alternative gene isolation strategies which are suitable for most allelopathic species include differential screening approaches such as suppression subtractive hybridization61> or differential display. 62) While these techniques do not require the use of genetic mapping data to facilitate gene isolation, there is a requirement that the gene of interest exhibits differential expression under some predetermined set of experimental or developmental conditions. Alternatively, a species such as Artemisia annua, which includes biotypes both possessing and lacking peltate secretory glands6s, 64) could be used as starting material for differential screens.
Frequently, secondary metabolites are produced by specific cell types within plants. Thus the corresponding genes involved in their biosynthesis may be specifically or preferentially expressed within those cells. If substantial amounts of the compound are produced, the system could be amenable to Expressed Sequence Tag (EST) analysis. 6-1) Within specialised cells, such as root hairs or glandular trichomes, the genes involved may represent the most highly expressed mRNA species within that cell type, and can thus be identified within a random sampling of a few thousand sequences. Recently, this approach has been successful in the identification of genes involved in essential oil (monoterpene) biosynthesis in peltate glands of Mentha piperita. 66) A particularly intriguing target for genetic manipulation is the allelochemical sorgoleone, first identified in root exudates of Sorghum bicolor. 67) In addition, roots of S. bicolor can be propagated under soil-less conditions that either promote or inhibit root hair formation (M. Czarnota, unpublished). Thus, an excellent source of starting material is readily available for performing differential screens as described above. The observation that sorgoleone is the major component found in S. bicolor root exudates also suggests that an EST-based approach would be a logical strategy to pursue. Our laboratory has been actively pursuing the isolation of sorgoleone biosynthetic genes using both suppression subtractive hybridization as well as EST analysis. Highly purified root hair preparations can readily be obtained from S. bicolor (Fig. 2) , and from this starting material a cDNA library was prepared for the development of a sequence database comprised of 5000 randomly chosen sequences.
Preliminary EST data from this study as well as suppression subtractive hybridization results have identified several promising gene candidates (Table 1 ). In addition, we have recently developed a secondary screen for determining the expression patterns of candidate sequences based on real-time PCR in the presence of the double stranded DNA-specific fluorophore, SYBR Green. 68) Figure  3 illustrates the utility of real time PCR for follow-up analyses of candidate sequences. By comparing PCR amplification signals using cDNAs Table  1 Selected clones identified from suppression subtractive hybridization and/or EST analysis, potentially encoding sorgoleone biosynthetic enzymes. The predicted functions, scores, and E values were derived from the BLAS-TX output from the NCBI BLAST server (http : //www. ncbi. nlm. nih. gov/BLAST/). prepared from six different S. bicolor tissues (root hair, whole root, immature leaf, mature leaf, stem, and panicle), the relative expression levels in these tissues can be rapidly determined. In the example shown (Fig. 3) , a putative 0-methyl transferase identified by both EST analysis and suppression subtractive hybridization is shown to exhibit highly root hair-preferential expression. Additional work is being performed to determine if this particular enzyme is capable of methylating sorgoleone precursors and structurally related molecules via heterologous expression in Escherichia coli. Ultimately, stably-transformed S bicolor plants or root cultures will be employed to directly demonstrate the involvement of this gene in the sorgoleone biosynthetic pathway.
While efforts toward the genetic manipulation of allelochemical pathways are at a very preliminary stage, the tools are now at hand to make significant strides in this area. The likelihood that many, if not most, allelochemicals are synthesized in a cell type or organ-specific manner will greatly facilitate the isolation of genes involved in biosynthesis, as well as possible ancillary proteins involved in regulation, sequestration, or the rhizosecretion of allelochemicals. Moreover, the availability of additional molecular probes for specific allelochemical pathways will ultimately shed further light on the modes of regulation and environmental interactions involved, for which there is currently a paucity of information. 70)
NATURAL PRODUCTS USED AS HERBICIDES

Approaches
Natural products may be used directly as pure compounds or as components of a crude preparation. For example, crude preparations of hydrolyzed maize gluten have been commercialized in the U. S. for weed management in turf. 71) Other crude preparations, such as olive oil mill wastes72) and crambe ( Crambe abyssinia) seed meal73> have been found to provide weed control. Such products require relatively little regulatory approval before they are sold. However, the large volume of most of these products needed for weed control in major crops, their relatively high cost, and the limited availability of the material restricts their use to niche markets that are unlikely to have any impact on synthetic pesticide use.
The other approach to using natural product directly for weed management is to use the pure compound as a herbicide or as a lead compound for the discovery of new herbicides. This strategy has had significant impact in terms of major herbicides and herbicide chemistries based on natural products.
2 Discovery strategies
The discovery process for natural product-based herbicides is somewhat different than that for synthetic herbicides. The most obvious difference is that, with the synthetic strategy, the structure of the compound is known, but determining the structure of a natural prod- Several examples of plant pathogen-produced phytotoxins are provided below. Yet, relatively little discovery effort has been focused on plant pathogens as sources of phytotoxins.
Anatomical aspects of higher plants can provide useful clues as to phytotoxin production.
Plants often sequester or secrete highly phytotoxic compounds in order to avoid autotoxicity.
For example, artemisinin and other phytotoxins are sequestered in non-living parts of glandular trichomes. 62> Sorgoleone is produced only by root hair cells and is secreted from the cell as soon as it is produced. 53> In both cases, the molecular target site of the producing plant is apparently susceptible to the phytotoxin. We are currently involved in examination of trichome content and root exudates from other plant species.
3 Examples
There are only three commercial successes of the commercial use of pure natural compounds as herbicides. The Streptomyces spp. phytotoxins phosphinothricin and bialaphos are the only glutamine synthetaseinhibiting herbicides on the market. Phosphinothricin is sold as a chemically synthesized product, glufosinate, while bialaphos is the only herbicide produced by fermentation.
These two compounds are the only commercial herbicides that target glutamine synthetase. 80) Pelargonic acid (Fig. 4) , a naturally occurring fatty acid, is sold for weed control in turf. 81) It has a very limited market.
The triketone herbicides were derived from the natural allelochemical, leptospermone (Fig. 4) , an allelochemical produced by the bottlebrush shrub ( Callistemon spp. ). 82> Sulcotrione (Fig. 4) and other triketone herbicides derived from this source are now marketed.
The compounds are phytotoxic by inhibition of HPPD. Other natural products with triketone and benzoquinone structures, such as usnic acid (Fig. 4) and sorgoleone ( Fig. 1) are also potent inhibitors of HPPD. 55, ss) Cinmethylin (Fig. 4) is a close analogue of the allelochemical, 1, 4-cineole (Fig. 4) , although there has been no claim that it was derived from this natural phytotoxin. 1, 4-cineole is a potent inhibitor of asparagine synthetase (AS), 84) a new molecular target site. Cinmethylin has no in vitro effects on AS, although it is apparently metabolically converted to a hydroxy-l, 4-cineole, which is a potent inhibitor of the enzyme. The more common plant-derived monoterpene, 1, 8-cineole has no effect on AS, 84) and its phytotoxicity appears to be due to effects on mitosis. 85) Certain pathovars of Alternaria alternate produce AAL-toxin (Fig. 4) , one of the strongest natural phytotoxins, 86> although it was originally reported as a host-selective phytotoxin, affecting only certain tomato varieties. 87) It is an analogue of the sphingoid base precursors of ceramide synthase, and apparently causes rapid and dramatic accumulation of these compounds in plant tissues by inhibition of this enzyme. 88> Treatment of plants with the sphingonine and phytosphingosine, the compounds that accumulate in the presence of AALtoxin, causes symptoms very similar to those caused by AAL-toxin. 89) These results and others have led us to hypothesize that AAL-toxin causes plant death by inhibition of ceramide synthesis, thereby causing massive accumulation of membrane-disrupting sphingoid bases. 90) 
